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1 | INTRODUCTION

Low back pain (LBP) is the leading cause of disability worldwide, with an estimated 80% of the
American population suffering from a painful back condition at some point during their lives.
The most common cause of LBP is intervertebral disc (IVD) degeneration (IVDD), a condition
that can be difficult to treat, either surgically or medically, with current available therapies.
Thus, understanding the pathological mechanisms of IVDD and developing novel treatments
are critical for improving outcome and quality of life in people living with LBP. While experi-
mental animal models provide valuable mechanistic insight, each model has limitations that
complicate translation to the clinical setting. This review focuses on the chondrodystrophic
canine clinical model of IVDD as a promising model to assess IVD-associated spinal pain and
translational therapeutic strategies for LBP. The canine IVD, while smaller in size than human,
goat, ovine, and bovine IVDs, is larger than most other small animal VDD models and
undergoes maturational changes similar to those of the human IVD. Furthermore, both dogs
and humans develop painful IVDD as a spontaneous process, resulting in similar characteristic
pathologies and clinical signs. Future exploration of the canine model as a model of IVD-
associated spinal pain and biological treatments using the canine clinical model will further
demonstrate its translational capabilities with the added ethical benefit of treating an existing
veterinary patient population with IVDD.

KEYWORDS

degeneration, pain, preclinical models

management strategies can address structural problems with the disc,

but have failure rates as high as 40% due to incomplete decompres-

The Global Burden of Disease study of 2015 identified lower back
pain (LBP) as the leading cause of disability worldwide. Indeed, it is
estimated that 80% of Americans will suffer from a painful back con-
dition at some point during their lives.! The most common cause is
degeneration of the intervertebral disc (IVD), with a prevalence of
39%-42% in LBP patients.? IVD degeneration (IVDD) can occur as a
natural part of the aging process, or as a consequence to cell-
mediated responses to structural failure.®>* Medical management of
LBP is primarily focused on the treatment of symptomatic pain, which

may alleviate clinical signs but does not restore IVD function. Surgical

sion, spinal instability, alteration of the vertebral column's biomechan-
ics, epidural scar tissue formation or iatrogenic nerve injury.>¢ Thus,
there is a critical need to investigate the pathophysiology of painful
IVDD and resultant LBP in order to develop safe, successful and less
invasive clinical treatments.

Experimental animal models are vital for understanding the
mechanisms of painful IVDD and for the early stages of developing
therapeutic strategies; however, these models have some limitations
that may impact their predictive value when translating an interven-

tion from the laboratory to the clinical setting. Of recent interest from
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the translation perspective is the canine “chondrodystrophic”
(CD) model of IVDD, which is a spontaneous clinical model of IVDD
occurring in pet dogs. IVDD affects upwards of 20% of certain breeds
of dogs such as the miniature dachshund.” In North America alone,
between 20,000 and 30,000 cases of spontaneously occurring IVDD in
pet dogs are managed by veterinary spinal specialists each year.2 As a
result, the canine IVDD population is highly amenable to large scale vet-
erinary clinical studies which can be conducted with adherence to
CONSORT guidelines, National Institutes of Health (NIH) standards for
scientific transparency and rigor, and can closely recapitulate a human
clinical trial condition.”° Of significant note, unlike most other animal
models, dogs with spontaneous VDD commonly present to the veteri-
nary clinic with IVDD-associated pain.}! Degeneration of the canine
IVD also occurs spontaneously, making pathologic processes associated
with IVDD in this species highly relevant to the human condition. Addi-
tionally, the size of a typical dog with spontaneous IVDD addresses
many “scaling up” issues encountered in the direct translation of thera-
pies from rodents to humans. Lastly, the use of pet dogs with spontane-
ous IVDD can contribute to reduction, refinement, and replacement of
experimental animal IVD models (3R principles) by providing an ethically
responsible source of nucleus pulposus (NP) material collected during
surgical discectomy and cells, tissues or whole discs collected during
autopsy with consent from owners of IVDD-affected dogs. For all of
these reasons, there has been a recent increase in the interest of using
spontaneously occurring IVDD in pet dogs as a unique model through
which to conduct properly designed veterinary preclinical studies for
IVDD treatment prior to entering the human clinical setting.

This narrative review focuses on models of painful IVDD with an
emphasis on the utility of the CD canine clinical model of IVDD as a
potential translational research tool for studies investigating IVD-
associated spinal pain. It compares the major structural, cell, and tis-
sue level characteristics across species in both health and disease
together with pain-associated behavior. Lastly, it reviews current
treatment strategies that have utilized cells, tissue, and whole [VDs
from CD dogs and outlines areas of opportunity for further explora-
tion of the clinical canine model of painful IVDD to maximize its value
as a translational model.

2 | THE HEALTHY IVD

The general structure of the IVD is well-conserved across vertebrate
species, and serves to counteract the compressive forces of the body
that are placed upon the vertebral column while also acting as joints
to promote motion and flexibility.*> Under healthy conditions, the
IVD is composed of the annulus fibrosus (AF), which consists of con-
centric lamellae of collagen type |, elastin, and fibroblast-like cells,
and encloses the proteoglycan-rich NP.1® The NP and AF are formed
from the embryonic notochord and surrounding mesenchyme,
respectively, during development of the IVD.?®!* The dense collagen
lamellar structure of the AF provides tensile strength and stability to
the vertebral column by contributing to overall rigidity.'> The NP is a
hydrated mixture of cells, aggrecan and collagen type 11*°. Aggrecan
helps to imbibe water, creating a gelatinous NP core that distributes

load across the disc and absorbs compressive forces.” The

transitional zone (TZ) or inner AF region separates the AF from the
NP in the mature IVD.*® The IVD is avascular, relying on the perme-
ability of the adjacent cartilaginous endplates (CEPs) to receive
nutrition.'?"22 The CEP is a layer of hyaline cartilage covering the
vertebral bodies that isolates the disc from the rest of the vertebral
column.?? In addition to being avascular, the healthy IVD is aneural,

and can be viewed as a site of immune-privilege.**

3 | DEGENERATION OF THE
INTERVERTEBRAL DISC

3.1 | Growth and maturation

Figure 1 demonstrates maturation of the IVD, from the young IVD
(Figure 1A) through the early (Figure 1B) and late stages of IVDD
(Figure 1C-E). Many species such as rodents, pigs, rabbits and non-CD
(NCD) dogs have IVDs that retain notochordal cells throughout adult-
hood.'*%® However, during growth or adolescence, the notochordal
cells within the NP of the human and CD canine IVD, as well as inter-
mediate and large sized animals such as sheep, cattle, and goat are

replaced with chondrocyte-like cells (CLCs)?#2°

as seen in the gelati-
nous and less translucent NP in Figure 1B. CD dogs typically lose their
notochordal cells as they reach skeletal maturity, usually within the first
year of life, while humans lose theirs by approximately 10 years of
age.?% Since notochordal cells protect the NP from degradation and
apoptosis, their loss is associated with an imbalance in matrix turnover
and catabolism of the IVD.?” In contrast, rodents, rabbits and most
NCD dogs retain a population of notochordal cells within the IVD and
thus maintain a healthy balance of matrix turnover, resulting in preser-
vation of the structural integrity and function of the IVD.2” While there
is an association between a loss of notochordal cells and disc degenera-
tion, this has not been unequivocally established and there are likely

additional factors (ie, genetics, lifestyle, comorbidities) that are involved.

3.2 | Mild changes

Proteoglycan content of the NP is maximized during young adulthood
and begins a slow and steady decline shortly thereafter due to
increased fragmentation and simultaneous increase in collagen con-
tent.2%2” The demarcation between the NP and AF becomes less appar-
ent as the collagen fibrils of the AF encroach upon the NP (Figure 1C).
During this transition, the overall cellularity of the IVD declines and the

disc becomes more fibrous with increased collagen deposition.2®

3.3 | Moderate and late-stage changes

The avascular nature of the IVD causes it to lack the innate ability to
appropriately heal and repair.**?* Changes in the NP as a result of mat-
uration affect the biomechanics of the IVD and ultimately lead to “wear
and tear,” whereby continued strenuous activities enhance matrix deg-
radation over synthesis.?’ This inability to counteract compressive
forces places additional strain on the AF, leads to AF degeneration
including cleft and crack formation, and reduces its contributions to the
overall strength of the vertebral column (Figure 1D).}” Aging also leads

to calcification of the CEP, which reduces porosity within the CEP
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adapted with permission from Bergknut

et al. American Journal of Veterinary
Research, 2011;72:899
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structure itself and decreases disc access to nearby blood vessels and
nutrition, enhancing a decline in cellularity. Lactic acid accumulation
alters the cellular microenvironment within the disc, slowing matrix pro-
duction but not matrix enzyme activity.>°

Upregulation of inflammatory and catabolic responses in degen-
eration can lead to increased expression of vascular endothelial
growth factor (VEGF) and nerve growth factor (NGF), resulting in the
invasion of nerves and blood vessels (Figure 1E).3! These changes in
disc environment lead to changes in structure function as well as con-

tribute to pain mechanisms.*%2

4 | EXPERIMENTAL ANIMAL MODELS
OF IVDD

Experimental models have provided valuable insight into the mecha-
nisms underlying disc degeneration as well as the ability to assess

therapeutic interventions. Popular experimental animal models of
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IVDD include the mouse, rabbit, rat, pig, sheep, goat, and cat-
tle.132333 While these models have contributed to the current under-
standing of IVDD pathophysiology, each presents a unique set of
limitations that hinder the translation of experimental results to the
human condition. Unlike the human IVD where notochordal cells are
replaced during adolescence, mice, rabbits, and pigs retain their sup-
ply of notochordal cells through adulthood, while cows and sheep
lose theirs rapidly after birth.3473¢ These fundamental developmental
differences mean that IVDD does not typically occur spontaneously
and must be artificially induced through injury.}* Common artificial
IVD injury models include annular stab, puncture, chemical or
mechanical induction, altered nutrient supply, or genetic modifica-
tion.2>%” The physiological changes following artificial induction may
differ from the spontaneous process occurring in people.*! An excep-
tion to this is the spontaneous occurrence of IVDD in the sand rat;
however, its small IVD size relative to the human IVD presents both

logistical challenges and translational difficulties.3®
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TABLE 1 Experimental animal models of LBP in comparison with human IVDs

Experimental models

CcD

Animal models of LBP

NCD

Pig®>*  Sand rat®*#**>  Goat®”*®  Sheep®¢4’

Cattle374*

Rodents23,27,34,41—43 Rabbit527‘37'41

canine11,30,39,40

canine11,30,38,39

Characteristics of the human IVD in healthy and diseased

Hydrated NP
Fibrous AF

Healthy IVD

Large notochordal cells

Avascular/aneural

Occurs spontaneously

Degenerate IVD

Matrix degradation
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Decreased number of cells

X

Dimension reduction (disc height)

Nerve ingrowth

Loss of nutrition

Pain

Increased axial loading

Inflammation

Immune infiltration

Intermediate-large size

Other characteristics

Clinical patient model

Thus, in seeking out an animal model of IVDD relevant to study-
ing the human condition, there are a number of aspects that must be
considered. While the use of bipedal animals may better mimic the
biomechanics of the human IVD, research with nonhuman primates is
ethically challenging and often cost prohibitive; as a result, the use of
quadrupeds is much more practical. However, cows, pigs, goat, and
sheep IVDs have limited motion capabilities and flexibility compared
to that of the human IVD.*¢ Animal and IVD size is also important for
the translation of pathology results and calculations for therapeutic
administration. Intermediate or large sized animals are often prefera-
ble, as they minimize anatomical differences as well as errors associ-
ated with scaling up of doses for use in clinical studies. Lastly,
translational IVDD models should ideally offer the ability to assess
and measure pain resulting from degenerative processes. While
rodents are useful for pain assessment, they do not meet the previ-
ously stated criteria, and pain cannot be adequately measured in the
rabbit, cow or pig models.

Table 1 summarizes the criteria necessary for modeling human
IVDD with a comparison of animal models discussed in this review.
As seen, the CD canine model most closely matches the human con-
dition for reasons to be discussed in the following section. Character-
istics that are consistent across species of all sizes in the healthy IVD
include the avascular and aneural nature, hydrated NP, and fibrous
AF. For the degenerate IVD these include matrix degradation,
decreases in cellularity, alterations in disc height, inflammation, loss
of nutrition, and increased axial loading. Differences between species
center largely around the presence or absence of notochordal cells
through adulthood, whether disease occurs spontaneously or must be
induced, and whether validated objective assessments of pain exist.
Large gaps include the assessment of neurovascular ingrowth as a
mechanism of pain and limited number of spontaneous intermediate

to large-sized animal models to study pain in the degenerate IVD.

5 | THE CANINE CLINICAL MODEL OF IVDD

5.1 | Hansen type | and type Il

IVDD-associated pain and neurologic dysfunction are a common clini-
cal problem in pet dogs.2 Spontaneous canine IVDD occurs in what
has been classically believed to be two clinically distinct forms,
described by Hansen as type | and type Il IVDD.*® Hansen type |
IVDD is described as dehydration, degeneration and dystrophic calci-
fication of the NP of the IVD, and is most commonly observed in CD
dog breeds such as the dachshund, beagle, shih tzu, lhasa apso, and
Pekingese. Within these breeds, the supply of notochordal cells
within the NP matrix is replaced with CLCs, often as early as
2 months of age.*®*° Typically, CD dogs display clinical signs of IVDD
between 3 and 7 years of age, when dehydration of the NP places
additional stress on the dorsal AF leading to rupture and extrusion of
NP matrix into the vertebral canal. The IVDs of the cervical or thora-
columbar spine are the most commonly affected sites.*®*° Dachs-
hunds are the breed most commonly affected with type | IVDD, with

a breed prevalence as high as 20%.”
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IVDD-like pathologies in NCD dogs are associated more with
age-related changes, as notochordal cells are typically retained within
the NP throughout adulthood. However, certain large breed dogs
such as the German shepherd and Labrador retriever may develop
what has been termed Hansen type Il IVDD later in life.*%>%5! This
tends to occur in regions of the vertebral column susceptible to “wear
and tear” such as the caudal lumbar and lumbosacral regions.** Spe-
cifically, the oblique angle created by the joint of the seventh lumbo-
sacral vertebrae and first sacral vertebrae is subject to a larger
amount of workload compared to the other areas of the spine, which
makes it especially vulnerable.>® Hansen type Il IVDD has been classi-
cally described as fibroid degeneration and dorsal thickening of the
AF; however, recent work suggests that the term chondroid metapla-
sia may be more appropriate to describe these pathologic
changes.384852 Specifically, IVDD involves replacement of noto-
chordal cells of the NP by CLCs in both CD and NCD species.
Increased collagen content of the NP causes AF fibers to split, allow-
ing plasma and fluid from the NP to accumulate between the AF
fibers. Over time, the AF thickens due to a buildup of pressure in the
area and bulges dorsally into the vertebral canal, causing spinal cord
or nerve root compression.**°%1 Figure 2 depicts the discussed dif-
ferences in the two types of Hansen herniation in canine IVDs.

IVDD by either mechanism can result in significant neurologic
manifestations, including neck or back pain, radiculopathy, and in
severe cases, paralysis.>® It should be noted that while severe neuro-
logic abnormalities can result, particularly from Hansen type | IVDD
in approximately 10%-15% of cases, a substantial portion of dogs
with VDD present with spinal pain as the only clinical sign of
IVDD.>* While both canine spontaneous models of IVDD have
potential value, Hansen type | IVDD in CD dogs may have the most
direct relevance to the human condition. The pathophysiology is most
similar to IVDD that occurs in people as changes are not just age-
related but can be described as a “cell-mediated response to struc-
tural failure.”* For this reason, the remainder of this review will focus

on Hansen type | IVDD (referred to as IVDD from here on).

6 | CLINICAL RELEVANCE TO IVDD AND
IVD-ASSOCIATED SPINAL PAIN

The canine model of IVDD complements experimental models by

offering confirmation of promising laboratory findings in a

Hansen Type |

FIGURE 2 Herniation of the intervertebral

disc (IVD): Hansen type | (left) and type Il _
(right) IVDD with nucleus pulposus *‘\\
(NP) protrusion through and AF (annulus
fibrosus) rupture in type | and protrusion

of AF into the vertebral canal in type Il. TZ,

transitional zone

---- | ————OuterAF

NP extrusion out of IVD
ruptures AF
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spontaneous model of disease. Beyond its value as a confirmatory
tool, the model offers additional distinct advantages. This spontane-
ous model of IVDD has a high degree of biologic relevance because
its onset, related to the upregulation of degradation pathways within
the IVD, is similar to the pathology of human IVDD.'**83 The deple-
tion of notochordal cells in CD dog IVDs during growth, replacement
with CLCs, and subsequent increase in fibrous content provide for a
similar NP composition to the mature human IVD. As a result, both
the canine and human IVDs undergo similar pathophysiological
changes during degeneration.1383%

A small number of studies have begun characterizing disc degen-
eration in the canine model, including comparisons between the CD
and NCD breeds as shown in Table 2. While these studies character-
ize the degenerate process in NCD and CD species they do not high-
light the similarities and differences in painful pathologies between
the two. Both dogs and people diagnosed with IVDD present with
clinical signs or symptoms of pain. In people, LBP is often debilitating,
and can occur with or without concurrent neurological deficits. Either
scenario results in a substantial impact on quality of life. CD pet dogs
with IVDD are frequently presented to veterinary specialists with
clinical signs of spinal pain (with or without neurologic deficits) that
disrupts daily activities. This similarity offers an important advantage
with respect to clinical relevance of this model.314®

Because pet dogs with spontaneous IVDD represent a clinical
population, they offer the ability to pursue longitudinal studies of bio-
logic changes associated with aging and degeneration of the IVD, as
well as interventional preclinical studies examining biological thera-
pies in a genetically and environmentally diverse population that
closely mirrors a human clinical trial setting.*° Dogs with IVDD are
typically diagnosed and managed in a similar fashion to people®
Cross sectional imaging such as magnetic resonance imaging (MRI) is
often performed for diagnosis, and management consists of symp-
tomatic treatment of pain using nonsteroidal anti-inflammatory drugs
or steroids, opioids, or other drugs targeted at pain and inflammation.
Spinal surgery is also often performed for canine “patients” with neu-
rologic deficits or refractory pain.®

The high prevalence of IVDD in certain breeds such as the dachs-
hund provides a platform to expediently conduct preclinical studies
that can be designed to adhere to CONSORT standards for human
clinical trial design and reporting. For example, our institution alone
manages approximately 200 cases per year of canine VDD, most of
which would be available for enrollment in treatment studies. Several

P Hansen Type Il

——TZ (Iner AF) —

AF protrudes outward
into the vertebral canal
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TABLE 2 Characterization models for the canine IVD

Experimental conditions

In
Research questions Cells Tissue Organ vivo Groups

Effects of hypoxia on NC X

organization®?

Investigated Wnt/B-
catenin signalling®®

Gene expression profiling X

of early intervertebral
disc degeneration®”

Osmolarity and clustering X

regulate NC
phenotype®®

Proteomic and
biomechanical
chracterization®®

Characterization of
inflammatory profile in
the healthy and
degenerate canine
IvD%

Discectomy model of
cervical disc
degeneration®®

Whole genome screening Blood X

for skeletal dysplasia
and disc
degeneration®*

Inflammatory profile of
herniated canine
IVDs®?

Monolayer and 3D;
hypoxia (3.5% O,) and
normoxia (21% O,)

Healthy and early
degeneration

NCs; mixed NC + CLC;
CLCs

(DMEM)/F12 (300 mOsm/
L; a-MEM (300 mOsm/
L); a-MEM (400 mOsm/
L)

NCD and CD

Healthy and degenerate

Discectomy versus
adjacent control IVD

Skeletal dysplasia within
1 breed; IVD
degeneration across
multiple breeds

Herniated (H), affected
nonherniated (NH) disc,
and adjacent
nonaffected (NA) disc;
control discs

Measurements NCD CD Outcomes
Histology; matrix X Under hypoxia NCs
production organize themselves
and produce matrix
similar to in vivo; not in
normoxia
Histology; B-catenin X Dual role of B-catenin in
expression; gRT-PCR NC-rich progenitor cells
for T, KRTS, axin2, and also in early disease
cyclin D and c-myc
Histology; microarray; X Early degeneration
gRT-PCR for T, KRT8 involves down-
and Wnt target genes; regulation of Wnt
B-catenin and caveolin- signaling and caveolin-1
1 expression expression—Essential to
physiology and
preservation of NCs
NC morphology and X Culturing NCs in native
matrix (histology); qRT- clusters and high
PCR for T, KRT8 and osmolarity media retain
18 and matrix genes; NC phenotype
DNA/GAG
iTRAQ proteomics of X Differences in ECM
secretome; western proteins between
blot; histology/IHC; species - decorin,
matrix and biglycan, fibronectin,
biomechanics fibromodulin and
HAPLN1; CD less stiff
than NCD
Levels of PGE2, cytokines, X PGE2 and CCL2 levels in
chemokines, and matrix degenerated IVDs
components; histology significantly higher than
and COX-2 expression healthy IVDs; COX-2
increased with grade
degeneration
Histology; MRI; Discectomy induced
radiographs degenerative changes;
loss disc height, modic
changes and sclerosis
GWAS; genotyping; qRT- X FGF4 retrogene on CFA12

PCR; semi-gRT-PCR

gRT-PCR and protein
expression of
inflammatory cytokines;
neurological
assessment?

responsible for
chondrodystrophy and
IVD degeneration

Gene—IL-6 and TNFa up-
regulation and IL-1b
down-regulation with
herniation; protein
expression varied for IL-
6 and associated with
positive outcomes;
infiltration of
monocytes and
macrophages

recent large-scale multicenter placebo controlled randomized veteri-
nary studies have been performed using the canine spontaneous
model of IVDD.%>%* While these studies focused on neuroprotective
strategies aimed at treating the 10%-15% of dogs with IVD that can
develop severe neurologic complications rather than treatments tar-
geted specifically at disc degeneration, they still serve as important
proof of concept regarding feasibility of large-scale studies using this
disease model.>*

Studies in the dog model of IVDD can be performed using clini-
cally relevant outcome measures shared across species including

quality of life assessments, measures of neuropathic pain, and

locomotor outcomes. Techniques such as owner-derived quality of
life questionnaires, quantitative sensory testing (QST), various loco-
motor scoring systems and kinematic gait assessments have all been
validated for use in dogs with IVDD.®>%¢ Because these outcome
measures mirror those of human trials, positive results may be more
predictive of translational success. The utility of canine translation
models for the study of chronic pain has recently gained attention in
the literature; however, most canine pain studies to date have
focused on osteoarthritis while the potentially valuable scenario of
chronic disc-associated pain in dogs with IVD has been under-

explored.6”~%°
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TABLE 3 Therapeutic models for the canine IVD

Experimental conditions

_J O R Sp in eOPENAACCESS 7 Of 13

CD Pain Outcomes

In
Research model Cells Tissue Organ vivo NCD
Therapeutic models
Cell therapies

Autologous disc X X ?
chondrocyte
transplantation®

Wharton's jelly cell X X
transplantation®”

Adipose stem cells®® X X ?

BMP2 and MSCs®’ X X

Chondrocyte X X ?
transplantation?®

Transplant activate NP X X
cells”*

Notochordal conditioned media

Canine NCCM on bovine X X
NP cells??

Canine NCCM contains X X
CTGF and increases
proteoglycan’®

NCCM protects NP cells X X

from degradation and
apoptosis’*

Molecular therapy: NCCM X X X
characterization?®

Canine NC conditioned X X
media effects on arthritic
chondrocytes”®
Canine NCCM?” X X
Canine NCCM?® X X

Bioactive ligands

BMP7%? X X X
IL-10 and TGFb®® X

BMp710t X X
Caveolin and repair'©? X X

Cells were viable and proliferative after transplantation; produced
matrix & maintained disc height

Cells were viable after 24 weeks post transplantation into degeneration
induced NP of beagles. WJC treated beagles had smaller disc
reduction, well preserved structure and ACAN/COL2/SOX-9 gene
upregulation compared to nontreated groups.

Autologous adipose tissue derived stem cells promoted disc
regeneration; produced matrix and maintained disc height.

BMP2 showed regenerative effects on chondrocyte-like-cells with more
healthy NP matrix vs TGF-$1. Adding MSCs to BMP2 treated cells
did not show additional regenerative effects on either CD or NCD.

Cells were viable and proliferative after transplantation, produced ECM
and maintained disc height. All 3 pain scores showed significant
reduction of low back pain.

Cryopreserved vs activated NP cells showed no difference in treatment
of in-vivo canine models. Disc height was better maintained
compared to nontreated groups, cells maintained viability and slowed
disc degeneration.

Difference in proteoglycan production was seen with different NCCM
concentrations. However, there was no dose dependency of NCCM
for cell proliferation. NC cells maintained phenotype in masses in
suspension and in monolayer.

NC cells contain growth factor CTGF (upregulates aggrecan, versican,
HAS-2 gene). Found no difference in CTGF gene expression in NCD
vs CD canine NC cells. Study suggests CTGF as anabolic factor and
dependent on population of NC cells in disc.

NC cell secreted factors prevent NP apoptosis via inhibition of caspase-
9 and - 3/9. Degradation prevented via upregulation of anabolic and
matrix protection genes.

Found TGF-p and CTGF to be major hubs in protein interaction
networks. Treatment with TGF-p1 and CTGF in vitro promoted ECM
synthesis, increased cell proliferation and decreased cell death.
Injection of TGF-B1 and CTGF in rat tail injury restored NP.

NCCM restored cartilage matrix production of end-stage human OA
chondrocytes and suppressed production of inflammatory mediators.
NCCM was age and disease dependent based on human donors
>55y.0

NCCM increased NP cell proliferation, GAG production, and increased
NP phenotypic gene expression. BMS cells showed increased GAG
production in NCCM but no gene level effects and did not increase
GAG content in NP cells compared to NCCM alone.

NC cells did not maintain phenotype in culture of alginate beads. NC
and NP cell coculture ECM content and anabolic gene expression
showed no difference. MSCs and NC coculture showed increased
GAG content and Brachuary T expression.

hBMP7 transfected NP cells injected into cryopreserved IVDs and
implanted in dogs. Treated dogs maintained structural integrity of
disc, ECM and biomechanical properties.

Treatment suppressed IL-1p and TNF-« and inflammatory responses.

rhBMP-7 treatment in vitro increased matrix production and gene
expression of ACAN and COL2A1. However, no regenerative effects
were observed for in vivo treatments at IVD. Extra-discal bone
formation observed.

Caveolin-1-null mice had collagen rich ECM and fewer NCs with high
apoptosis activity compared to wild-type mice. Found high caveolin-
1 expression and cell dead in degenerate canine IVDs. Yet, caveolin-1
silencing decreased GAG content but rescued by caveolin-1

(Continues)
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TABLE 3 (Continued)

Experimental conditions

In
Research model

Cells Tissue Organ vivo NCD CD Pain Outcomes

Link-N103 X X X

Hydrogels

Disc replacement cervical X X X X
spinel®4

Poly(e-caprolactone-co- X X X X
lactide)-b-poly(ethylene
glycol)-bpoly
(e-caprolactone-co-
lactide) hydrogel +
celecoxib®®

Polyester amide X X X
microspheres©®

Poly-N-isopropylacrylamide X X X X
MgFe-layered double
hydroxide hydrogel and
celecoxib®”

QST describes a collection of techniques used commonly in human
clinical studies of LBP to quantify pain, assess sensory abnormalities,
and document treatment effects. The type of stimulus evaluated using
QST varies, with mechanical, thermal, and vibrational stimuli reported
for use in a variety of animal disease models and in people 7°72. Several
recent studies have reported the use of both mechanical QST (with an
electronic von Frey anesthesiometer, von Frey filaments, or other
devices) and thermal sensory testing to document sensory abnormali-
ties in dogs with IVDD.”®>7* As mentioned above, these studies have
also focused on the small percentage of dogs with IVD presenting with
severe neurologic deficits; however, they demonstrate feasibility of

QST using the canine IVDD model and suggest that translation of these
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scaffolding domain (CSD). CSD treatment also increased TGF-
B/pSmad2 signaling.

Human and canine link-N showed species-specific effects on
chondrocyte like cells but both induced negligible GAG deposition in
canine CLCs.

Disc height retention and physiological hydration, matrix production
and integration into host tissue after 16 weeks. Still lacks mechanical
properties compared to native tissue.

No adverse reaction to hydrogel injection. 9/10 dogs showed back pain
reduction, 3/10 dogs had recurring pain after 3 months.

No degenerative changes occurred post injection of PEAM compared
to nontreatment groups, good cyto-compatibility in vitro.

Good biocompatibility and safe application of hydrogel. However,
controlled release of CXB had only limited in hibition of PGE2 and
resulted in mild IVD degeneration.

protocols to dogs presenting only with back pain is likely possible. There
are also several clinical metrology instruments (CMls) that have been
validated for use as owner-derived pain assessments in veterinary stud-
ies. The Canine Brief Pain Inventory (CBPI) and the Helsinki Chronic
Pain Index were both developed specifically to evaluate chronic pain in
dogs with osteoarthritis but have direct relevance to canine spinal
pain.”>”¢ Activity monitors similar to the Fitbit are available for dogs
and have been validated for monitoring step counts, active minutes,
and intensity of activity.””~”? Various canine activity monitors have
been used as surrogate markers of decreased mobility associated with
chronic pain in dogs and lend themselves to outcomes assessment in

clinical studies of canine IVDD.&°

Canine

Vertebral
body

FIGURE 3 Comparison of the healthy and
degenerate human (left) and canine
intervertebral disc (IVD) (right) on the gross
| and molecular level with neurovascular
ingrowth, decreased in chondrocyte-like
cells and broken aggrecan and collagen Il in

Thinning CEP the degenerate nucleus pulposus (NP)
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FIGURE 4 Cells within the degenerate
canine intervertebral disc (IVD) where
nucleus pulposus (NP) tissue was surgically
removed from herniated canine IVDs (A-D);
schematic of herniated VD (a); safranin O
fast staining of cell clusters in diseased disc
(B) and hematoxylin and eosin staining of

B canine IVD: SAFOFast

red blood cells in granulation tissue a
suggestive of angiogenesis (C); giemsa o
staining of mast cells (dark blue/purple, »
x40) (D)

7 | CHALLENGES ASSOCIATED WITH THE
CANINE MODEL

While the canine clinical model of IVDD may hold significant promise
in enhancing translational efficiency, a few differences in canine and
human vertebral column structure must be considered. Minor differ-
ences include number of vertebrae and overall size: the typical human
vertebral column has 12 thoracic and 5 lumbar IVDs, while the canine
has 13 thoracic and 7 lumbar IVD. Additionally, human CEPs are
thicker than those of the dog due to expanded layers of chondro-
cytes. 2182 This results in an increased number of CEP irregularities
compared to those observed dogs.*! The canine vertebral growth
plates close at skeletal maturity (~8 months) whereas in people, sec-
ondary ossification centers (ring apophysis) develop during teenage
years then close at skeletal maturity.®® The canine vertebral column
contains growth plates throughout, which are responsible for the
majority of vertebral growth. This species difference is relevant for
histologic and imaging-based grading of IVDD and CEP changes, but
is unlikely to affect translational relevance.'® Differences in spinal
biomechanics between canine and human, namely the quadrupedal
nature of the dog placing the spine at a horizontal nature vs the verti-
cal human spine due to bipedalism, must also be considered. Recent
investigations however, have demonstrated that the axial loading
effects are similar across the vertebral column in both species, sug-
gesting that biomechanical differences may be less relevant than
might be expected.????84 Indeed, ligaments and muscle play a key

role in the stabilization of the spine both in bipeds and quadrupeds.®®

8 | EXPERIMENTAL STUDIES USING THE
CANINE MODEL—-BIOLOGICAL STRATEGIES
AND TREATMENTS

Current available treatment options for both dogs and people
experiencing IVDD are either largely conservative and aim to manage
pain and discomfort, or highly invasive surgeries which do little or
nothing to stop or prevent further degeneration and do not attempt
disc restoration. Physiotherapy is often recommended to help both

dogs and people build core strength and retain normal everyday
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movements through relief of compression on the IVDD affected
areas.®Given the potential benefits as a translational model, several
recent studies have utilized the canine model to investigate regenera-
tive therapies for IVDD via cell therapies, notochordal conditioned
media (NCCM), ligands (growth factors and gene therapy) and various
hydrogels as summarized in Table 3.

Cell based therapies are a common means of targeting matrix
regeneration of the IVD, including the use of autologous IVD cells,
CLCs, bone marrow- and adipose-derived mesenchymal stem cells
(MSCs), and differentiated cells. The studies in Table 3 have demon-
strated the positive regenerative potential of CLCs via increases in
cell viability, matrix production and disc height integrity; however,
CLC treatment is limited in both human and canine patients based on
the stage of IVDD and is most beneficial at earlier stages.867°%1
Recently, the safety and feasibility of autologous bone marrow-
derived MSCs to treat disc degeneration was evaluated in the canine
clinical model of IVDD, which demonstrated the safety of intradiscal
injection of MSC.1°® Small animal experiments have demonstrated
degeneration reduction in the progression of IVDD post treatment
with MSCs, and additional studies in the beagle model have proven
useful in inhibiting IVDD, with the potential for promoting continued
avascularity.*®? Similarly, adipose derived stem cells enhance disc
regeneration®® along with Wharton's jelly cells (WJCs) which are
capable of differentiating into NP cells in coculture.®”

Significantly, there are a number of studies using NCCM on
canine IVD cells, which have shown to decrease apoptosis of NP
cells, increase cell proliferation, slow degradation of ECM and pro-
mote ECM synthesis.”47597:98110 additionally, several growth factors
from notochordal cells have been identified, including TGF-$1 and
CTGF that aid in matrix production.8%927> Growth factor treatments
such as GDFs/BMPs including caveolin also promote matrix biosyn-
thesis resulting in regeneration of healthy disc tissue 87102111 Fyr-
thermore, with regards to gene therapy, exploration of the immune
and inflammatory responses and pathways that follow can function
as targets to slow the degenerative process of the [VD.100103

Within the field of tissue engineering, several cell seeded hydro-
gels have been proposed to treat IVDD, which include replacement
of the entire or part of the disc in in vivo or mainly for use as drug

control release systems. Some examples are biocompatible hydrogels
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such as PCLA-PEG-PCLA (poly(e-caprolactone-co-lactide)-b-poly(eth-
ylene glycol)-bpoly(e-caprolactone-co-lactide)), agarose, and polyester
amides. 12419 Additionally, hydrogels have also been used to encap-
sulate drugs for delivery into the IVD.105-197

These various therapies, as summarized, demonstrate the poten-
tial of the CD dog model as a clinically relevant model to evaluate
regenerative IVDD therapies which can later translate to human con-
ditions. However, unexplored is the potential of using organ culture

as a tool to investigate and screen biological therapies for IVDD.

9 | OPPORTUNITIES FOR FUTURE
EXPLORATION

When critically evaluating canine spontaneous IVDD for suitability as
an animal model of IVDD, what remains largely unknown is the con-
tribution of immune and inflammatory responses to the disease pro-
cess in dogs. Degeneration of the human IVD has been shown to
trigger responses that elicit an infiltration of mast cells (MCs) and
macrophages (M@s) into the disc, particularly in injured areas and
regions of granulation.!’> MCs are involved in the body's first
responses to injury, whereby they release granules of bioactive
ligands to stimulate healing and repair.2%!*2 Likewise, when propa-
gated by injury, M@s release cytokines such as TNF-a, IL-1f, and
prostaglandins.3? These cytokines upregulate catabolic processes that
breakdown IVD matrix and limit regenerative processes. The specific
roles of MCs and M@s in the pathogenesis of IVDD in people and
dogs, however, remain to be elucidated. Coupled with these
responses are pain predictors such as substance P and NGF, which
can facilitate nerve ingrowth and pain experienced by canine and
human patients with IVDD.3¥%* Further studies are required to bet-
ter understand whether the inflammatory responses observed in

human IVDD are modeled by the canine clinical disease.

10 | ARECHONDRODYSTROPHIC DOGS A
GOOD TRANSLATIONAL MODEL FOR
HUMAN IVDD?

This review summarizes and evaluates the criteria necessary for quali-
fying animal models of IVDD for use in translational application to
the human condition, as is visible in Table 1. As summarized in
Figure 3, the biochemical and cellular composition of the IVD is simi-
lar across the CD canine and human species. Aside from thinner CEPs
and smaller overall size of the canine IVD, the structures of the
healthy discs are very similar. Using histological stains as a compari-
son, cell clusters and angiogenesis along with the infiltration of MCs
are similar pathologies that also occur in the human degenerate IVD
(Figure 4).1'5 While further studies are required to investigate the
presence of neurovascular ingrowth, immune infiltration and mecha-
nisms underlying IVD-associated pain in the canine degenerate IVD
as occurs in the human, other characteristics of human IVDD are
commonly present in the CD canine model. Additionally, the similari-

ties in this clinical population as well as diagnostic and treatment

methods demonstrate the potential suitability of CD canine IVDD as
a model for human IVDD.

11 | CONCLUSION

A number of experimental animal models exist that attempt to reca-
pitulate IVDD in people. Available models are limited by notochordal
cell populations, small size, and artificial induction of the disease that
do not mimic spontaneous mechanisms of degeneration. This review
highlights aspects of the spontaneous canine clinical model of IVDD
that make it attractive as a preclinical model for translational studies.
Future work should focus on defining the inflammatory and symp-
tomatic profiles associated with painful IVDD to allow for the better
understanding of how these relate to those observed in
human IVDD.

ACKNOWLEDGEMENTS

The authors would like to thank Timothy Vojt for his assistance with
drafting the figures for this review. The authors would like to
acknowledge funding through NIH grant 1RO01AR064157.

Author contributions

K.AT. SAM, S.T., M.G.W., and D.P. contributed to drafting the arti-
cle or revising it critically for important intellectual content and final

approval of the version to be submitted.

Conflict of interest

The authors have no conflicts to declare.

ORCID

Devina Purmessur "= http://orcid.org/0000-0002-7445-1678

REFERENCES

1. Vos T, Barber RM, Bell B, et al. Global, regional, and national inci-
dence, prevalence, and years lived with disability for 301 acute and
chronic diseases and injuries in 188 countries, 1990-2013: a sys-
tematic analysis for the Global Burden of Disease study 2013. Lan-
cet. 2015;386:743-800.

2. Schwarzer A, Aprill C, Derby R, Fortin J, Kine G. The prevalence and
clinical features of internal disc disruption in patients with chronic
low back pain. Spine (Phila Pa 1976). 1995;20(17):1878-1883.

3. Malik K, Cohen S, Walega D, Benzon H. Diagnostic criteria and
treatment of discogenic pain: a systematic review of recent clinical
literature. Spine J. 2013;13:1675-1689.

4. Adams MA, Roughley PJ. What is intervertebral disc degeneration,
and what causes it? Spine (Phila Pa 1976). 2006;31:2151-2161

5. North RB, Campbell JN, James CS, et al. Failed back surgery syn-
drome: 5-year follow-up in 102 patients undergoing repeated opera-
tion. Neruosurgery. 1991;28:685-691.

6. Fritsch EW, Heisel J, Rupp S. The failed back surgery syndrome: rea-
sons, intraoperative findings, and long-term results: a report of
182 operative treatments. Spine. 1996;21:626-633.

7. Lappalainen AK, Vaittinen E, Junnila J, Laitinen-Vapaavuori O. Inter-
vertebral disc calcifications intervertebral disc disease in dachshunds
radiographically screened for intervertebral disc calcifications. Acta
Vet Scand. 2014;56:89.


http://orcid.org/0000-0002-7445-1678
http://orcid.org/0000-0002-7445-1678

THOMPSON ET AL

8.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

Moore SA, Early PJ, Hettlich BF. Practice patterns in the manage-
ment of acute intervertebral disc herniation in dogs. J Small Anim
Pract. 2016;57:409-415.

. Altman DG, Schulz KF, Moher D, et al. The revised CONSORT state-

ment for reporting randomized trials: explanation and elaboration.
Ann Intern Med. 2001;134:663-694.

Filipovich AH, Weisdorf D, Pavletic S, et al. National Institutes of
Health consensus development project on criteria for clinical trials in
chronic graft-versus-host disease: |. Diagnosis and staging working
group report. Biol Blood Marrow Transplant. 2005;11:945-956.
Bergknut N, Rutges JPHJ, Kranenburg HC. The dog as an animal
model for intervertebral disc degeneration? Spine (Phila Pa 1976).
2011;37:351-358.

Boszczyk BM, Boszczyk AA, Putz R. Comparative and functional
anatomy of the mammalian lumbar spine. Anat Rec. 2001;264:
157-168.

Ghosh P. The Biology of the Intervertebral Disc. CRC Press Boca
Raton, FL 1988.

Smith LJ, Nerurkar NL, Choi K-S, Harfe BD, Elliott DM. Degenera-
tion and regeneration of the intervertebral disc: lessons from devel-
opment. Dis Model Mech. 2010;4(1):31-41.

Melrose J, Ghosh P, Taylor TK. A comparative analysis of the differ-
ential spatial and temporal distributions of the large (aggrecan, versi-
can) and small (decorin, biglycan, fibromodulin) proteoglycans of the
intervertebral disc. J Anat. 2001;198:3-15.

Trout JJ, Buckwalter JA, Moore KC, Landas SK. Ultrastructure of the
human intervertebral disc. . Changes in notochordal cells with age.
Tissue Cell. 1982;14:359-369.

Meij BP, Bergknut N. Degenerative lumbosacral stenosis in dogs.
Vet Clin Small Anim. 2010;40:983-1009.

Bergknut N, Meij BP, Hagman R, et al. Intervertebral disc disease in
dogs—part 1: a new histological grading scheme for classification of
intervertebral disc degeneration in dogs. Vet J. 2013;195:156-163.
Trout JJ, Buckwalter J a, Moore KC. Ultrastructure of the human
intervertebral disc: Il. Cells of the nucleus pulposus. Anat Rec. 1982;
204:307-314.

Buckwalter JA. Aging and degeneration of the human intervertebral
disc. Spine (Phila Pa 1976). 1995;20:1307-1314.

Bibby SRS, Jones DA, Ripley RM, Urban JPG. Metabolism of the
intervertebral disc: effects of low levels of oxygen, glucose, and pH
on rates of energy metabolism of bovine nucleus pulposus cells.
Spine (Phila Pa 1976). 2005;30:487-496.

Taylor JR. Growth of human intervertebral discs and vertebral bod-
ies. J Anat. 1975;120:49-68.

latridis JC, Mente PL, Stokes IAF, Aronsson DD, Alini M.
Compression-induced changes in intervertebral disc properties in a
rat tail model. Spine (Phila Pa 1976). 1999;24:996-1002.

Hunter CJ, Matyas JR, Duncan NA. The Notochordal cell in the
nucleus pulposus: a review in the context of tissue engineering. Tis-
sue Eng. 2003;9:667-677.

Daly C, Ghosh P, Jenkin G, Oehme D, Goldschlager T. A review of
animal models of intervertebral disc degeneration: pathophysiology,
regeneration, and translation to the clinic. Biomed Res Int. 2016;
2016:1-14.

Oegema TR. The role of disc cell heterogeneity in determining disc
biochemistry: a speculation. Biochem Soc Trans. 2002;30:839-844.
Antoniou J, Steffen T, Nelson F. The human lumbar intervertebral
disc: evidence for changes in the biosynthesis and denaturation of
the extracellular matrix with growth, maturation, ageing, and degen-
eration. J Clin. 1996;98(4):996-1003.

Ariga K, Miyamoto S, Nakase T, et al. The relationship between apo-
ptosis of endplate chondrocytes and aging and degeneration of the
intervertebral disc. Spine (Phila Pa 1976). 2001;26:2414-2420.
O'Connell GD, Vresilovic EJ, Elliott DM. Human intervertebral disc
internal strain in compression: the effect of disc region, loading posi-
tion, and degeneration. J Orthop Res. 2011;29:547-555.

Bach FC, Willems N, Penning LC, Ito K, Meij BP, Tryfonidou MA.
Potential regenerative treatment strategies for intervertebral disc
degeneration in dogs. BMC Vet Res. 2014;10:3.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

51.

52.

JOR SPife.... NEEEE

Purmessur D, Freemont AJ, Hoyland JA. Research article expression
and regulation of neurotrophins in the nondegenerate and degener-
ate human intervertebral disc. Arthritis Res Ther. 2008;10:1-9.
Amonoo-Kuofi HS. Morphometric changes in the heights and ante-
roposterior diameters of the lumbar intervertebral discs with age.
J Anat. 1991;175:159-168.

Gruber H, Johnson T, Norton H, Jr EH. The sand rat model for disc
degeneration: radiologic characterization of age-related changes:
cross-sectional and prospective analyses. Spine (Phila Pa 1976).
2002;27:230-234.

Bowles RD, Gebhard HH, Hartl R, Bonassar LJ. Tissue-engineered
intervertebral discs produce new matrix, maintain disc height, and
restore biomechanical function to the rodent spine. Proc Natl Acad
Sci US A.2011;108:13106-13111.

Omlor G, Nerlich A, Wilke H, Pfeiffer M, Lorenz H. A new porcine
in vivo animal model of disc degeneration: response of anulus fibro-
sus cells, chondrocyte-like nucleus pulposus cells, and notochordal
nucleus. Spine (Phila Pa 1976). 2009;34:2730-2739.

Wilke H, Kettler A, Claes L. Are sheep spines a valid biomechanical
model for human spines? Spine (Phila Pa 1976). 1997;22:2365-2374.
Alini M, Eisenstein S, Ito K, Little C, Kettler A. Are animal models
useful for studying human disc disorders/degeneration? Eur Spine.
2008;17:2-19.

Bergknut N, Smolders LA, Grinwis GCM, et al. Intervertebral disc
degeneration in the dog. Part 1: anatomy and physiology of the
intervertebral disc and characteristics of intervertebral disc degener-
ation. Vet J. 2015;195:282-291. https://doi.org/10.1016/j.tvjl.2012.
10.024.

Willems N, Tellegen AR, Bergknut N, et al. Inflammatory profiles in
canine intervertebral disc degeneration. BMC Vet Res. 2016;12(1):
10. https://doi.org/10.1186/s12917-016-0635-6.

Cherrone KL, Dewey CW, Acvs D, Coates JR, Bergman RL. A retro-
spective comparison of cervical intervertebral disk disease in non-
chondrodystrophic large dogs versus small dogs. J Am Anim Hosp
Assoc. 2004;40:316-320.

Molinos M, Almeida CR, Caldeira J, Cunha C, Goncalves RM,
Barbosa MA. Inflammation in intervertebral disc degeneration and
regeneration. J R Soc Interface. 2015;12:20141191.

Aoki Y, Ohtori S, Ino H, et al. Disc inflammation potentially promotes
axonal regeneration of dorsal root ganglion neurons innervating lum-
bar intervertebral disc in rats. Spine (Phila Pa 1976). 2004;29:
2621-2626.

Aoki Y, Ohtori S, Nakagawa K, Nakajima A. Neural mechanisms of
Discogenic back pain: how does nerve growth factor play a key role?
Korean J Spine. 2011;8:83-87.

. Gruber HE, Ingram JA, Hanley EN. Immunolocalization of thrombos-

pondin in the human and sand rat intervertebral disc. Spine (Phila Pa
1976). 2006;31:2556-2561.

Gruber HE, Ingram JA, Hoelscher G, Zinchenko N, Norton HJ,
Hanley EN. Brain-derived neurotrophic factor and its receptor in the
human and the sand rat intervertebral disc. Arthritis Res Ther. 2008;
10:R82.

Detiger SEL, Helder MN, Smit TH, Hoogendoorn RJW. Adverse
effects of stromal vascular fraction during regenerative treatment of
the intervertebral disc: observations in a goat model. Eur Spine J.
2015;24:1992-2000.

Tong W, Lu Z, Qin L, et al. Cell therapy for the degenerating inter-
vertebral disc. Transl Res. 2017;181:49-58.

Hansen H. A pathologic-anatomical study on disc degeneration in
dog: with special reference to the so-called enchondrosis interver-
tebralis. Acta Orthop Scand. 1952;23:1-130.

Brisson BA. Intervertebral disc disease in dogs. Vet Clin North Am
Small Anim Pract. 2010;40:829-858.

Seiler GS, Hani H, Busato AR, Lang J. Facet joint geometry and inter-
vertebral disk degeneration in the L5-S1 region of the vertebral col-
umn in German shepherd dogs. Am J Vet Res. 2002;63:86-90.
Macias C, Mckee WM, May C, Innes JF. Thoracolumbar disc disease
in large dogs: a study of 99 cases. J Small Anim Pract. 2002;43:
439-446.

Hansen T, Smolders L, Tryfonidou M. The myth of fibroid degenera-
tion in the canine intervertebral disc: a histopathological comparison


https://doi.org/10.1016/j.tvjl.2012.10.024
https://doi.org/10.1016/j.tvjl.2012.10.024
https://doi.org/10.1186/s12917-016-0635-6

12 of 13 _JOR SpineoPEN Access

53.

54.

55.

56.

57.

58.
59.

60.
61.

62.
63.

64.
65.

66.
67.
68.
69.

70.

71.

72.

THOMPSON ET AL

of intervertebral disc degeneration in chondrodystrophic and. Veteri-
nary. 2017;54:945-952.

Kranenburg HC, Grinwis GC, Bergknut N, et al. Intervertebral disc
disease in dogs—part 2: comparison of clinical, magnetic resonance
imaging, and histological findings in 74 surgically treated dogs. Vet J.
2013;195:164-171.

Granger N, Carwardine D. Acute spinal cord injury. Tetraplegia and
paraplegia in small animals. Vet Clin North Am Small Anim Pract.
2014;44:1131-1156.

Erwin WM, Heras FL, Islam D, Fehlings MG, Inman RD. The regener-
ative capacity of the notochordal cell: tissue constructs generated
in vitro under hypoxic conditions. J Neurosurg Spine. 2009;10:
513-521.

Smolders LA, Meij BP, Riemers FM, et al. Canonical Wnt signaling in
the notochordal cell is upregulated in early intervertebral disk
degeneration. J Orthop Res. 2012;30:950-957.

Smolders LA, Meij BP, Onis D, et al. Gene expression profiling of
early intervertebral disc degeneration reveals a down-regulation of
canonical Wnt signaling and caveolin-1 expression: implications for
development of regenerative strategies. Arthritis Res Ther. 2013;
15:R23.

Spillekom S, Smolders LA, Grinwis GCM, et al. Increased Osmolarity
and cell clustering preserve canine Notochordal cell phenotype in
culture. Tissue Eng Part C Methods. 2014;20:652-662.

Erwin WM, DeSouza L, Funabashi M, et al. The biological basis of
degenerative disc disease: proteomic and biomechanical analysis of
the canine intervertebral disc. Arthritis Res Ther. 2015;17:240.
Grunert P, Moriguchi Y, Grossbard BP, Ricart Arbona RJ,
Bonassar LJ, Hartl R. Degenerative changes of the canine cervical
spine after discectomy procedures, an in vivo study. BMC Vet Res.
2017;13:1-10.

Brown EA, Dickinson PJ, Mansour T, et al. FGF4 retrogene on
CFA12 is responsible for chondrodystrophy and intervertebral disc
disease in dogs. Proc Natl Acad Sci U S A. 2017;114:11476-11481.
https://doi.org/10.1073/pnas.1709082114.

Monchaux M, Forterre S, Spreng D, Karol A, Forterre F,
Wouertz-Kozak K. Inflammatory processes associated with canine
intervertebral disc herniation. Front Immunol. 2017;8:1681.

Levine J, Cohen N, Heller M, Fajt V, Levine G. Efficacy of a metallo-
proteinase inhibitor in spinal cord injured dogs. PLoS One. 2014;9:
€96408.

Olby NJ, Muguet-Chanoit AC, Lim JH, et al. A placebo-controlled,
prospective, randomized clinical trial of polyethylene glycol and
methylprednisolone sodium succinate in dogs with intervertebral
disk herniation. J Vet Intern Med. 2016;30:206-214.

Budke CM, Levine JM, Kerwin SC, Levine GJ, Hettlich BF,
Slater MR. Evaluation of a questionnaire for obtaining
owner-perceived, weighted quality-of-life assessments for dogs with
spinal cord injuries. J Am Vet Med Assoc. 2008;233:925-930.

Moore S, Granger N, Olby N. Targeting translational successes
through CANSORT-SCI: using pet dogs to identify effective treat-
ments for spinal cord injury. J Neurotrauma. 2017;34:2007-2018.
Cimino Brown D. What can we learn from osteoarthritis pain in
companion animals? Clin Exp Rheumatol. 2017;35:553-558.

Lascelles BDX, Brown DC, Maixner W, Mogil JS. Spontaneous pain-
ful disease in companion animals can facilitate the development of
chronic pain therapies for humans. Osteoarthritis Cartilage. 2017;26:
1-9. https://doi.org/10.1016/j.joca.2017.11.011.

Klinck MP, Mogil JS, Moreau M, et al. Translational pain assessment:
could natural animal models be the missing link? Pain. 2017;158:
1633-1646.

Imoto K, Takebayashi T, Kanaya K, Kawaguchi S, Katahira G,
Yamashita T. Quantitative analysis of sensory functions after lumbar
discectomy using current perception threshold testing. Eur Spine J.
2007;16:971-975.

Rolke R, Magerl W, Campbell KA, et al. Quantitative sensory testing:
a comprehensive protocol for clinical trials. Eur J Pain. 2006;10:
77-88.

Samuelsson L, Lundin A. Thermal quantitative sensory testing in
lumbar disc herniation. Eur Spine J. 2002;11:71-75.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.
83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Song RB, Basso DM, da Costa RC, Fisher LC, Mo X, Moore SA. Von
Frey anesthesiometry to assess sensory impairment after acute spi-
nal cord injury caused by thoracolumbar intervertebral disc extrusion
in dogs. Vet J. 2016;209:144-149.

Gorney AM, Blau SR, Dohse CS, et al. Mechanical and thermal sen-
sory testing in normal chondrodystrophoid dogs and dogs with spi-
nal cord injury caused by thoracolumbar intervertebral disc
herniations. J Vet Intern Med. 2016;30:627-635.

Brown DC, Boston RC, Coyne JC, Farrar JT. Ability of the canine
brief pain inventory to detect response to treatment in dogs with
osteoarthritis. J Am Vet Med Assoc. 2008;233:1278-1283.
Hielm-Bjérkman AK, Rita H, Tulamo RM. Psychometric testing of
the Helsinki chronic pain index by completion of a questionnaire in
Finnish by owners of dogs with chronic signs of pain caused by
osteoarthritis. Am J Vet Res. 2009;70:727-734.

Yashari JM, Duncan CG, Duerr FM. Evaluation of a novel canine
activity monitor for at-home physical activity analysis. BMC Vet Res.
2015;11:146.

Clark K, Caraguel C, Leahey L, Béraud R. Evaluation of a novel accel-
erometer for kinetic gait analysis in dogs. Can J Vet Res. 2014;78:
226-232.

Martin KW, Olsen AM, Duncan CG, Duerr FM. The method of
attachment influences accelerometer-based activity data in dogs.
BMC Vet Res. 2017;13:48.

Scott RM, Evans R, Conzemius MG. Efficacy of an oral nutraceutical
for the treatment of canine osteoarthritis. A double-blind, random-
ized, placebo-controlled prospective clinical trial. Vet Comp Orthop
Traumatol. 2017;30:318-323.

Fletcher TF, Kitchell RL. Anatomical studies on the spinal cord seg-
ments of the dog. Am J Vet Res. 1966;27:1759-1767.

Netter FH. Atlas of human anatomy. Exp Neurol. 2006;97:152-160.
Humzah MD, Soames RW. Human intervertebral disc: structure and
function. Anat Rec. 1988;220:337-356.

latridis JC, Nicoll SB, Michalek AJ, Walter BA, Gupta MS. Role of
biomechanics in intervertebral disc degeneration and regenerative
therapies: what needs repairing in the disc and what are promising
biomaterials for its repair ? Spine J. 2013;13:243-262.

Smit TH. The use of a quadruped as an in vivo model for the study
of the spine - biomechanical considerations. Eur Spine J. 2002;11:
137-144.

Ganey T, Libera J, Moos V, et al. Disc chondrocyte transplantation in
a canine model: a treatment for degenerated or damaged interver-
tebral disc. Spine (Phila Pa 1976). 2003;28:2609-2620.

Zhang Y, Tao H, Gu T, et al. The effects of human Wharton's jelly
cell transplantation on the intervertebral disc in a canine disc degen-
eration model. Stem Cell Res Ther. 2015;6:1-15.

Ganey T, Hutton WC, Moseley T, Hedrick M, Meisel H. Interverteb-
ral disc repair using adipose tissue-derived stem and regenerative
cells experiments in a canine model. Spine (Phila Pa 1976). 2009;34:
2297-2304.

Bach FC, Miranda-Bedate A, van Heel FWM, et al. Bone morphoge-
netic protein-2, but not mesenchymal stromal cells, exert regenera-
tive effects on canine and human nucleus pulposus cells. Tissue Eng
Part A. 2017;23:233-242.

Meisel HJ, Siodla V, Ganey T, Minkus Y, Hutton WC, Alasevic OJ.
Clinical experience in cell-based therapeutics: disc chondrocyte
transplantation: a treatment for degenerated or damaged interver-
tebral disc. Biomol Eng. 2007;24:5-21.

Nukaga T, Sakai D, Tanaka M, Hiyama A, Nakai T, Mochida J. Trans-
plantation of activated nucleus pulposus cells after cryopreservation:
efficacy study in a canine disc degeneration model. Eur Cell Mater.
2016;31:95-106.

Erwin WM, Inman RD. Notochord cells regulate intervertebral disc
chondrocyte proteoglycan production and cell proliferation. Spine
(Phila Pa 1976). 2006;31:1094-1099.

Erwin WM, Ashman K, O'Donnel P, Inman RD. Nucleus pulposus
notochord cells secrete connective tissue growth factor and
up-regulate proteoglycan expression by intervertebral disc chondro-
cytes. Arthritis Rheum. 2006;54:3859-3867.

Erwin WM, Islam D, Inman RD, Fehlings MG, Tsui FWL. Noto-
chordal cells protect nucleus pulposus cells from degradation and


https://doi.org/10.1073/pnas.1709082114
https://doi.org/10.1016/j.joca.2017.11.011

THOMPSON ET AL

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

apoptosis: implications for the mechanisms of intervertebral disc
degeneration. Arthritis Res Ther. 2011;13:R215.

Matta A, Karim MZ, Isenman DE, Erwin WM. Molecular therapy for
degenerative disc disease: clues from secretome analysis of the
notochordal cell-rich nucleus pulposus. Sci Rep. 2017;7:45623.

Bach FC, Miranda-Bedate A, van Heel FWM, et al. Bone morphoge-
netic protein-2, but not mesenchymal stromal cells, exert regenera-
tive effects on canine and human nucleus pulposus cells. Tissue Eng.
2016;23:233-242. https://doi.org/10.1089/ten.TEA.2016.0251.

de Vries SAH, Potier E, van Doeselaar M, Meij BP, Tryfonidou MA,
Ito K. Conditioned medium derived from notochordal cell-rich
nucleus pulposus tissue stimulates matrix production by canine
nucleus pulposus cells and bone marrow-derived stromal cells. Tissue
Eng Part A. 2015;21:1077-1084.

Arkesteijn IIT, Smolders LA, Spillekom S, et al. Effect of coculturing
canine notochordal, nucleus pulposus and mesenchymal stromal
cells for intervertebral disc regeneration. Arthritis Res Ther. 2015;17:60.
Gu T, Shi Z, Wang C, et al. Human bone morphogenetic protein
7 transfected nucleus pulposus cells delay the degeneration of inter-
vertebral disc in dogs. J Orthop Res. 2017;35:1311-1322.

Li W, Liu T, Wu L, et al. Blocking the function of inflammatory cyto-
kines and mediators by using IL-10 and TGF-f: a potential biological
immunotherapy for intervertebral disc degeneration in a beagle
model. Int J Mol Sci. 2014;15:17270-17283.

Willems N, Bach FC, Plomp SGM, et al. Intradiscal application of
rhBMP-7 does not induce regeneration in a canine model of sponta-
neous intervertebral disc degeneration. Arthritis Res Ther. 2015;
17:137.

Bach FC, Zhang Y, Miranda-Bedate A, et al. Increased caveolin-1 in
intervertebral disc degeneration facilitates repair. Arthritis Res Ther.
2016;18:59.

Bach FC, Laagland LT, Grant MP, et al. Link-N: the missing link
towards intervertebral disc repair is species-specific. PLoS One.
2017;12:1-21.

Moriguchi Y, Mojica-Santiago J, Grunert P, et al. Total disc replace-
ment using tissue-engineered intervertebral discs in the canine cer-
vical spine. PLoS One. 2017;12:1-18.

Tellegen AR, Willems N, Beukers M, et al. Intradiscal application of a
PCLA-PEG-PCLA hydrogel loaded with celecoxib for the treatment
of back pain in canines: what's in it for humans? J Tissue Eng Regen
Med. 2017;12:642-652. https://doi.org/10.1002/term.2483.
Willems N, Mihov G, Grinwis GCM, et al. Safety of intradiscal injec-
tion and biocompatibility of polyester amide microspheres in a

107.

108.

109.

110.

111.

112.

113.

114.

115.

JOR  SPitCuucs mESSES

canine model predisposed to intervertebral disc degeneration.
J Biomed Mater Res: Part B Appl Biomater. 2017;105:707-714.
Willems N, Yang HY, Langelaan MLP, et al. Biocompatibility and
intradiscal application of a thermoreversible celecoxib-loaded
poly-N-isopropylacrylamide MgFe-layered double hydroxide hydro-
gel in a canine model. Arthritis Res Ther. 2015;17:214.

Steffen F, Smolders L, Roentgen A. Bone marrow-derived mesen-
chymal stem cells as autologous therapy in dogs with naturally
occurring intervertebral disc disease: feasibility, safety and prelimi-
nary results. Tissue Eng Part C Methods. 2017;23(11):643-651.

Sakai D, Mochida J, Iwashina T, et al. Regenerative effects of trans-
planting mesenchymal stem cells embedded in atelocollagen to the
degenerated intervertebral disc. Biomaterials. 2006;27:335-345.
Muller C, Gaines B, Gruen M, et al. Evaluation of clinical metrology
instrument in dogs with osteoarthritis. J Vet Intern Med. 2016;30:
836-846.

Purmessur D, Schek RM, Abbott RD, Ballif BA, Godburn KE, latridis JC.
Notochordal conditioned media from tissue increases proteoglycan
accumulation and promotes a healthy nucleus pulposus phenotype in
human mesenchymal stem cells. Arthritis Res Ther. 2011;13:R81.

Peng B, Hao J, Hou S, et al. Possible pathogenesis of painful inter-
vertebral disc degeneration. Spine (Phila Pa 1976). 2006;31:560-566.
Habtemariam A, Virri J, Gronblad M, Seitsalo S, Karaharju E. The role
of mast cells in disc herniation inflammation. Spine (Phila Pa 1976).
1999;24:1516-1520.

Le Maitre CL, Pockert A, Buttle DJ, Freemont AJ, Hoyland JA.
Matrix synthesis and degradation in human intervertebral disc
degeneration. Biochem Soc Trans. 2007;35:652-655.

Wiet MG, Piscioneri A, Khan SN, Ballinger MN, Hoyland JA,
Purmessur D. Mast cell-intervertebral disc cell interactions regulate
inflammation, catabolism and angiogenesis in discogenic back pain.
Sci Rep. 2017;7:1-14.

How to cite this article: Thompson K, Moore S, Tang S,
Wiet M, Purmessur D. The chondrodystrophic dog: A clinically
relevant intermediate-sized animal model for the study of
intervertebral disc-associated spinal pain. JOR Spine. 2018;1:
e1011. https://doi.org/10.1002/jsp2.1011



https://doi.org/10.1089/ten.TEA.2016.0251
https://doi.org/10.1002/term.2483
https://doi.org/10.1002/jsp2.1011

	 The chondrodystrophic dog: A clinically relevant intermediate-sized animal model for the study of intervertebral disc-asso...
	1  INTRODUCTION
	2  THE HEALTHY IVD
	3  DEGENERATION OF THE INTERVERTEBRAL DISC
	3.1  Growth and maturation
	3.2  Mild changes
	3.3  Moderate and late-stage changes

	4  EXPERIMENTAL ANIMAL MODELS OF IVDD
	5  THE CANINE CLINICAL MODEL OF IVDD
	5.1  Hansen type I and type II

	6  CLINICAL RELEVANCE TO IVDD AND IVD-ASSOCIATED SPINAL PAIN
	7  CHALLENGES ASSOCIATED WITH THE CANINE MODEL
	8  EXPERIMENTAL STUDIES USING THE CANINE MODEL-BIOLOGICAL STRATEGIES AND TREATMENTS
	9  OPPORTUNITIES FOR FUTURE EXPLORATION
	10  ARE CHONDRODYSTROPHIC DOGS A GOOD TRANSLATIONAL MODEL FOR HUMAN IVDD?
	11  CONCLUSION
	11  ACKNOWLEDGEMENTS
	  Author contributions
	  Conflict of interest

	  REFERENCES


